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Dirac spectrum in gated multilayer black phosphorus nanoribbons
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We investigate the effects of a perpendicular electric field applied to multilayer phosphorene
nanoribbons with zigzag and armchair edges. Within the context of the tight-binding model, we
explore the electronic properties of these systems giving emphasis to the appearance of Dirac-like
spectra, a transition that occurs when the gate density associated with the applied displacement
field is greater than the critical value nc. We show that the confinement properties and the screening
effects in such systems play an important role on the determination of nc, suggesting a scheme to
determine the thickness, width and edge orientation of multilayered phosphorene nanoribbons. We
also explore how this transition affects the electronic transport properties of such systems.
PACS numbers: 71.10.Pm, 73.22.-f, 73.63.-b
I. INTRODUCTION
Phosphorene, a single layer of black Phosphorus (BP),
is a relatively new 2D semiconductor which has gained a
lot of attention since its production in 20141. Due to its
interesting properties, such as high carrier mobility1 and
thickness-dependent energy gap2–4, multilayer BP is con-
sidered a promising material with a great potential for
applications in nanoelectronics and optoelectronics5–9.
In particular, the wide range of values that its thickness-
dependent energy gap can assume, ranging from ≈ 2.0 eV
for the monolayer to ≈ 0.3 eV for the bulk BP, has signif-
icant importance since it covers a broad range of appli-
cations not reached by other 2D semiconductors, such as
in fiber optic telecommunication and thermal imaging10.
In addition to the thickness variation, the energy gap
of multilayer phosphorene systems can also be tuned
through the application of an external perpendicular elec-
tric field11–16. It was both theoretically predicted12,13
and experimentally observed17,18 that such mechanism
induces topological phase transitions for fields at the
vicinity of a critical value Dc for which a gap closure
is achieved. For fields smaller than Dc the classical
anisotropic dispersion of phosphorene systems is observed
with slightly different effective masses, whereas the for-
mation of Dirac-like spectra is observed for fields above
the critical value, which is a consequence of the inversion
of the conduction and valence bands. The possibility of
this transition in phosphorene systems may allow its use
as a platform for studying topological phases in 2D sys-
tems and for investigating some exotic phenomena, such
as unusual Landau levels19,20.
Although the application of gate voltages in multi-
layer black phosphorus systems was investigated in re-
cent works11–16, only a few of them explore the effects of
the formation of Dirac-like spectra for displacement fields
at the vicinity of Dc
12,13 associated with a critical gate
density nc. To the best of our knowledge, there is a lack
of information concerning these effects in confined nanos-
tructures, such as phosphorene nanoribbons (PNRs), and
the role played by them in their electronic and transport
properties. Therefore, in this letter, we study the elec-
tronic properties of gated multilayer PNRs. In particular,
we give special attention to the phase transition occurring
at the vicinity of nc for zigzag and armchair PNRs. We
show that the carrier concentration undergoes a change
in its behavior for a given transition gate density ni (for a
given Fermi level Ei) and investigate the width and thick-
ness dependence of this quantity. Such behavior may be
used to determine the number of layers and the orien-
tation of phosphorene based systems. Furthermore, we
make a comparison between the results taken from con-
sidering screened and unscreened displacement fields and
show that the results are qualitatively equivalent.
II. THEORETICAL MODEL
We consider multilayer PNRs with zigzag (zz) and
armchair (ac) edges. The zz (ac) nanoribbon is oriented
along the x (y) axis, being limited by its width W along
the y (x) direction and by its thickness H along the z di-
rection, as skecthed in Fig. 1(a). The thickness is related
to the number of layersN byH = dintraN+dinter(N−1),
where dintra = 2.153 A˚ and dinter = 3.214 A˚ are the in-
tralayer and interlayer distances, respectively.
We employ the tight-binding model proposed by
Rudenko et al.21 to describe the electronic properties
of PNRs in our calculations. Such model shows excel-
lent agreement with DFT-GW calculations for low en-
ergy excitations and has been used in several recent
works14,22–25. The Hamiltonian in second quantization
assumes the form
H =
∑
i6=j
tijc
†
i cj +
∑
i6=j
t⊥ijc
†
i cj +
∑
i
Uic
†
i ci, (1)
where the operator ci (c
†
i ) annihilates (creates) an elec-
tron in atomic site i. Additionally, tij and t
⊥
ij , are the
intralayer and interlayer hopping parameters between
atomic sites i and j, respectively, given in Refs. [21,25].
We simulate a perpendicular unscreened electric field by
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FIG. 1: (Color online) (a) Gated bilayer phosphorene nanorib-
bon. We assume BP nanoribbon systems under the influ-
ence of top and bottom gates, with respective gate concentra-
tions nt and nb, where the intra and interlayer distances are
dintra = 2.153 A˚ and dinter = 3.214 A˚ , respectively, and the
thickness H is related to the number of layers in the system.
(b) top view of armchair (top panel) and zigzag (lower panel)
BP nanoribbons with width W . A sketch of the real and the
approximated screened electric field is presented in (c) and
(d), respectively. The density of field lines is related to the
field intensity in each region (F1, F2 and F3, as sketched in
(c) and (d)). (e) The electric field between each sublayer as a
function of the gate density for the screened and unscreened
cases from Ref. [14]. F1 is represented by the green dashed
line, F2 is represented by the orange dash-dotted line, F3 is
represented by the red dotted line and the uniform unscreened
field is represented by the black solid line.
considering the differences in the onsite energies for sub-
lattices located at different heights zi through the linear
formula: Ui = U(zi) = e(D/κǫ0)(zi−H/2), where e is the
fundamental electric charge, κ is the dielectric constant
of the system, ǫ0 is the vacuum permittivity and D is the
magnitude of the displacement field inside the ribbons.
Recent studies have shown the effects of the charge re-
distribution due to voltage gates in multilayer BP14 and
show that the screening tends to be more pronounced for
systems with larger thicknesses requiring higher critical
gate densities, defined as the value for which a gap clo-
sure is achieved. In order to incorporate these effects,
we make an approximation by considering the screened
electric fields calculated for an infinite system and, thus
we do not consider the effects of the distortion of the
field lines at the edges of the PNRs [See Figs. 1(c)]. Fig-
ure 1(e) shows the electric field between each sublayer of
bilayer BP as a function of the gate density. F1 and F3
are the intralayer electric fields, whereas F2 is the inter-
layer field. As one can notice, the field intensities are dif-
ferent in each region for a given gate density due to the
screening effects, where F1 = F3, as seen from the red
dotted and the green dashed curves. The top and bot-
tom gate densities are chosen such that ng = nb = −nt,
which results in the linear dependence of the electric field
on the gate density, Fi = βing, where βi is the slope of
the field in the i-th region14. The uniform unscreened
electric field dependence is represented by the black solid
line. The onsite energies are calculated as:
Ui =
i−1∑
j=1
βjdjng, (2)
where β1 = β3 = 1.46 × 10
−14 V·cm2/nm and β2 =
2.85 × 10−14 V·cm2/nm and d1 = d3 = dintra and d2 =
dinter and i = 1, 2, 3, 4 is the sublayer index. We also
symmetrize the onsite energies by choosing U1 = −U4.
Even though the screening effects might be different
for confined systems, as sketched in Figs. 1(c) and (d),
we expect our results to be reasonably accurate since we
are considering wide PNRs in which edge states are ab-
sent. It is worth mentioning that we do not employ the
usual procedure of performing self-consistent calculations
in order to obtain the onsite potential energies. Instead,
we use the explicit gate density-dependent screened dis-
placement fields between each sublayer of the system, as
presented in Ref. 14, in order to compute the Ui. All
tight-binding calculations were performed by using the
KWANT Python package26.
III. RESULTS AND DISCUSSIONS
We start by investigating the behavior of the energy
dispersion of phosphorene nanoribbons under the influ-
ence of gate voltages. We consider the case of bilayer BP
nanoribbons in our calculations. Initially, we consider
ribbons with fixed widthW = 20 nm and assume that the
charge concentrations on the top and bottom gates (nt
and nb, respectively) have equal absolute values, but with
opposite signs nt = −nb = ng. It is worth mentioning
that the same gate density ng will generate different fields
for the unscreened and screened cases. In the former, ng
will generate an uniform electric field F = e|ng|/κǫ0 be-
tween every sublayer of the system, whereas in the latter
case, the electric field is constant between adjacent sub-
layers, not necessarily assuming the same intensity in the
different regions14, as discussed in the previous section.
Therefore, we will use the gate density as a means to
specify the different regimes instead of the field intensi-
ties. In our calculations, we assume κ = 614.
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FIG. 2: (Color online) Dispersion relation and the correspondent density of states for (a)-(c) zigzag and (d)-(f) armchair
phosphorene nanoribbons with various values of ng , for the unscreened case. We consider three different situations: (a) and
(d) ng < n
zz
c (ng < n
ac
c ), (b) and (e) ng = n
zz
c (ng = n
ac
c ), (c) and (f) ng > n
zz
c (ng > n
ac
c ), where n
zz
c (n
ac
c ) is the critical gate
density for which a gap closure is achieved.
We begin our analysis by considering the unscreened
case (solid black curve in Fig. 1(e)). Figure 2 shows the
energy bands and the respective density of states (DOS)
for zigzag (a)-(c) and armchair (d)-(f) BP nanoribbons
with different values of ng. The critical density for
zz and ac nanoribbons, nzzc = 11.37 × 10
13 cm−2 and
nacc = 11.17× 10
13 cm−2, respectively, generates critical
displacement fields, Dzzc and D
ac
c , for which a gap closure
is achieved. For densities smaller than n
zz(ac)
c one ob-
serves the typical anisotropic parabolic energy dispersion
of phosphorene systems, which leads to nanoribbons with
different band curvatures, as one can see in Figs. 2(a)
and (d). Additionally, the DOS also presents the tipical
behavior of gapped systems, showing more pronounced
peaks for the zz case than for the ac case. This is due to
the smaller band curvature in the zz case, which results
in a wider range of momenta in which the Van Hove sin-
gularity condition is achieved. At the critical density, a
gap closure is observed as one can see in Figs. 2(b) and
(e) for zz and ac bilayer PNRs, respectively. One can no-
tice that the conduction and valence bands touch without
any significant distortion of the parabolic behavior of the
dispersion.
For densities greater than n
zz(ac)
g , the valence and con-
duction bands undergo a phase transition resulting in
the formation of Dirac-like spectra. Such behavior can
be seen in Fig. 2(c) and (f) for the zz and the ac cases,
respectively. For sufficiently low energies in both cases,
the dispersion resembles those of graphene nanoribbons,
in which one observes the presence of two Dirac cones in
the zz case and a single point in which the dispersion is
approximately linear in the ac case27,28. Additionally, zz
graphene nanoribbons have flat bands corresponding to
states localized at the edges of the ribbons. However, in
the case of gated zz phosphorene nanoribbons the quasi-
flat bands that appear between the two quasi-Dirac cones
are not related to states localized at the edges of the rib-
bon, since we are considering ribbons that do not support
edge states (beard zz nanoribbons29,30). Interestingly,
the DOS has a complicated structure, showing a great
asymmetry between the new conductance and valence
bands at low energies. This behavior resembles those of
massless Dirac Fermions in graphene27, reinforcing the
linear nature of the dispersion in BP at low energies for
densities greater than the critical one.
The great variation of the DOS at the transition ng <
nc → ng > nc suggests that one can achieve signifi-
cant modulation of the carrier concentration, at a low
Fermi level, with a small variation in the gate carrier
density. Additionally, one migth expect that the car-
rier concentration would present a peculiar behavior due
to the phase transition at n
zz(ac)
c . In fact, Figs. 3(a)
and (b) show the dependence of this quantity as func-
tion of the gate density for zz and ac bilayer phos-
4phorene nanoribbons, respectively, considering different
Fermi levels EF = Ei (with E1 = −500 meV, E2 = −300
meV and E3 = −100 meV), at T = 300 K. In each fig-
ure, the orange vertical dashed line marks the position
of the critical gate densities. Considering EF = E3 and
EF = E2, one notices an increase in the carrier con-
centration even for gate densities greater than n
zz(ac)
c ,
as one can see from the dotted green and dashed red
curves in both figures. For EF = E1, one observes a de-
crease in the carrier concentration of the ribbons. This
is due to the fact that the Fermi level is at the valence
band region in the latter case, leading to an excess of
positive charge carriers in the system (p-doped bilayer
PNRs). For the n-doped bilayer PNRs, the Fermi levels
(EF = E2, EF = E3) are in the conduction band region,
corresponding to an excess of negative charge carriers.
Therefore, it is natural to expect that the carrier concen-
tration would increase (decrease) with the gate density
for n-doped (p-doped) systems. Interestingly, this be-
havior does not hold true for even higher values of ng. In
fact, Figs. 3(a) and (b) show that the excess carrier con-
centrations for the n-doped cases start to decrease for cer-
tain gate densities, n
zz(ac)
i with i = 2, 3, beyond n
zz(ac)
c ,
which depends on the Fermi level. The gate densities
for which the transition occurs are nzz2 = 12.50 × 10
13
cm−2 (nac2 = 12.75× 10
13 cm−2) and nzz3 = 16.25× 10
13
cm−2 (nac3 = 16.00 × 10
13 cm−2) for the zigzag (arm-
chair) PNRs. Such behavior is a unique characteristic
of the phase transition, which allows for a change in the
sign of the curvature of a band for a range of momenta
at the vicinity of the Γ point. At the conduction (va-
lence) band, a subband with negative (positive) effective
mass contributes as hole (electron) bands. Therefore,
an excess of positive (negative) charge carriers is added
to the negative (positive) excess carrier density of a n-
doped (p-doped) system. For a given Fermi level in the
n-doped case, the carrier concentration will stop to in-
crease even further whenever the top of the hole subbands
touches the Fermi level. Consequently, as the contribu-
tion of the holes bands becomes more pronounced than
the electron bands, the carrier concentration will start
to decrease. In fact, Figs. 3(c) and (d) show the energy
dispersion for the ac and zz nanoribbons, respectively,
considering the corresponding gate densities for which
the carrier concentration starts to decrease for a given
Fermi level. The horizontal lines mark the positions of
the assumed Fermi levels : EF = E1 (blue curve), E2 (red
curve) and EF = E3 (green curve). As one can notice
in the case of the n-doped BP nanoribbons, for densities
greater than n
zz(ac)
c , there are several energy subbands
at the conduction band in which the curvatures are neg-
ative. More specifically, for ng = n
zz(ac)
2 these subbands
start to touch the Fermi level EF = E2. A similar be-
havior is observed for the transition gate density n
zz(ac)
3
and the Fermi level EF = E3, which is consistent with
the non-monotonic behavior of the carrier concentration.
The properties discussed so far also hold for phospho-
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FIG. 3: (Color online) Carrier concentration n as a function
of the gate density at different Fermi levels for (a) zz and
(b) ac bilayer phosphorene nanoribbons. The vertical orange
dashed lines mark the critical densties for each case : nzzc =
11.37 × 1013 cm−2 and nacc = 11.17 × 10
13 cm−2 for zz and
ac ribbons, respectively. The other vertical lines mark the
transition gate densities. Thus, n
zz(ac)
1 , n
zz(ac)
2 and n
zz(ac)
3
are the mentioned densities for the Fermi levels EF = −500
meV, EF = −300 meV and EF = −100 meV, respectively.
Figures (c) and (d) show the band structure for the zz and ac
cases, respectively, considering the transition gate densities
mentioned above. The horizontal lines in these figures mark
the Fermi levels considered in this analysis.
rene nanoribbons with arbitrary widths and thicknesses.
In fact, one can always find a transition gate density
n
zz(ac)
i , for a given Fermi level, for zz and ac PNRs for
several different sizes. Figure 4(a) shows the behavior
of the gate density n
zz(ac)
3 (EF = E3) for bilayer PNRs
with several widths. The symbols are the tight-binding
results, where the red circles (blue triangles) correspond
to the ac (zz) case, and the solid curves are the fittings.
As seen, there is a drop in the value of the transition
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FIG. 4: (Color online) (a) Width and (b) thickness depen-
dence of the gate density n
zz(ac)
3 for zigzag (blue results) and
armchair (red results) bilayer BP nanoribbons. The sym-
bols are the results obtained from the tight-binding model,
whereas the solid curves are the correspondent fittings.
gate densities with W and despite the difference in the
values of n3 for zz and ac cases, the scaling behavior is
the same for both cases. The best fit shows a ∝W−2 be-
havior that is quite distinct from what one would expect,
since other properties, such as the energy gap of PNRs,
present different scaling laws due to the differences in
the momentum dependency of the energy levels in the x
and y directions29. A similar picture holds true for the
dependence of n
zz(ac)
3 with the thickness of the ribbons,
i.e. with the number of layers N . In figure 4(b), we show
the transition gate density for the chosen Fermi level as a
function of the number of layers for a fixed widthW = 20
nm. For such wide ribbons, the n3 values for zz and ac
ribbons are very close to each other. The result shows
a clear decrease in n3 for both cases, exhibiting a N
−2
behavior as in the case of the width dependence.
The present results suggest a scheme by which one may
assess width and the thickness of phosphorene systems:
The specific values of the transition gate densities n
zz(ac)
i
can be easily detected experimentaly through Hall mea-
surements at low magnetic fields. As shown, a small
change in ng beyond n
zz(ac)
i causes the carrier concen-
tration to decrease for n-doped BP nanoribbons. In this
way, the obtained result can be compared with the values
of Fig. 4, determining the corresponding width and thick-
ness. We expect such method to be accurate for ribbons
with small dimensions, since the values of n
zz(ac)
i are very
close for larger systems.
It is important to emphasize that the previous results
are based on the assumption of an unscreened electric
field. In a realistic setting, the charge distribution in-
side multilayer BP systems generate an electric field that
counteracts the previous one, resulting in a screened field.
Such an effect plays an important role in the determina-
tion of the specific values of the gate critical densities14.
Thus, we proceed to study the differences between the
results obtained from unscreened and screened electric
fields. As mentioned previously, we approximate the
screened electric field inside the nanoribbons by assum-
ing that it is approximately equal to the one of an in-
finite system. This means that we do not consider the
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FIG. 5: (Color online) Gap as a function of the gate density
ng for (a) zz and (b) ac BP nanoribbons. The closed (open)
symbols are the results from the tight-binding model consider-
ing the unscreened (screneed) electric field, whereas the solid
(dashed) curves are the fittings. The carrier concentration
as a function of the gate density is show in (c) for zz, and
in (d) for ac nanoribbons. The screened (unscreened) results
are represented by the dashed (solids) curves. We considered
EF = −500 meV (blue curves) and EF = −300 meV (red
curves).
effects of the distortion of the field lines in the presence
of the edges [See Figs. 1(c) and (d)]. Since we are inter-
ested only on the bulk properties of large BP nanoribbons
(dinter ≪W ), we expect the field lines in each region to
be very similar to the infinite case. Therefore, we use
the screened electric fields from Ref. [14] in the case of
bilayer BP.
Figures 5(a) and (b) show a comparison between the
gap dependence of zz and ac PNRs, respectively, for the
unscreened and screened fields. The symbols are the re-
sults from the tight-binding model and the curves are the
corresponding fittings. As one can see, the gap closure is
achieved for a higher critical gate density for the screened
case as compared with the unscreened case for both, zz
and ac BP nanoribbons. This is due to the fact that
the fields produced by the charge redistributions within
each sublayer counteract the gate field, demanding higher
gate densities for a gap closure. The screened critical
gate densities are nzzc,Screened = 14.43 × 10
13 cm−2 and
nacc,Screened = 14.30× 10
13 cm−2 for zz and ac PNRs, re-
spectively. We also compare the screened and unscreened
carrier concentrations as a function of the gate densi-
ties for n-doped (EF = E2) and p-doped (EF = E1)
bilayer BP nanoribbons. Figures 5(c) and (d) show the
results for the zz and ac cases. The screened results,
represented by the dashed lines, present the same behav-
ior as the unscreened results (solid lines), i.e. there is
a gate density n
zz(ac)
i,Screened for which the carrier concen-
tration start to change its behavior. The difference is
6that n
zz(ac)
i,Screened > n
zz(ac)
i , for a given Fermi level i, as
one should expect. Therefore, we can conclude that the
screened results are qualitatively equivalent to the un-
screened results.
IV. CONCLUSIONS
We have investigated the electronic properties of gated
BP nanoribbons with zz and ac edges. We have shown
that for gate densities beyond a critical value n
zz(ac)
c the
energy bands undergo a phase transition resulting in the
formation of a Dirac-like spectrum. Such transition is
shown to strongly affect the electronic properties of these
systems leading to an anomalous behavior of the gate-
induced excess carrier concentration. For instance, the
carrier concentration of a gated n-doped BP nanorib-
bon increases with the gate density until certain value
n
zz(ac)
i , which depends on the Fermi level i, and start to
decrease for higher gate charge concentrations. We have
also studied the scaling laws of n
zz(ac)
i with the width
W and the number of layer N for ribbons with zz and
ac edges. Our results show a W−2 and a N−2 depen-
dencie for nanoribbons with both types of edges. We
discuss how the combination of such results could possi-
bly be used to determine the width and thickness of BP
nanoribbons.
V. ACKNOWLEDGEMENTS
This work was financially suported by the CAPES
foundation. The authors thank Dr. L. L. Li for the
valuable discussions.
∗ Electronic address: johnathas@fisica.ufc.br
† Electronic address: duarte.j@fisica.ufc.br
‡ Electronic address: pereira@fisica.ufc.br
1 H. Liu, Adam T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Tomnek
and P. D. Ye, ACS Nano. 8 (4), 4033 (2014)
2 V. Tran, R. Soklaski, Y. Liang, and L. Yang Phys. Rev. B
89, 235319 (2014).
3 J. Kim, S. S. Baik, S. H. Ryu, Y. Sohn, S. Park, B.-G.
Park, J. Denlinger, Y. Yi, H. J. Choi, and K. S. Kim,
Science 349, 723 (2015).
4 S. Das, W. Zhang, M. Demarteau, A. Hoffmann, M. Dubey,
and A. Roelofs, Nano Lett. 14, 5733 (2014).
5 H. Yuan, X. Liu, F. Afshinmanesh, W. Li, G. Xu, J. Sun,
B. Lian, A. G. Curto, G. Ye, Y. Hikita, Z. Shen, S.-C
Zhang, X. Chen, M. Brongersma, H. Y. Hwang, and Y.
Cui, Nature Nanotechnology 10, 707 (2015).
6 L. Li, Y. Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng,
X. H. Chen and Y. Zhang, Nature Nanotechnology 9, 372
(2014).
7 S. Das, M. Demarteau and A. Roelofs, ACS Nano 8, 11730
(2014).
8 T. Low, A. S. Rodin, A. Carvalho, Y. Jiang, H. Wang,
F. Xia, and A. H. Castro Neto Phys. Rev. B 90, 075434
(2014).
9 J. Liu, Y. Chen, Y. Li, H. Zhang, S. Zheng, and S. Xu,
Photon. Res. 6 198 (2018)
10 A. Castellanos-Gomez, J. Phys. Chem. Lett. 6, 4280
(2015).
11 Q. Liu, X. Zhang, L. B. Abdalla, A. Fazzio and A. Zunger,
NanoLett. 15, 1222 (2015).
12 K. Dolui and S. Y. Quek, Scientific Reports 5, 11699
(2015).
13 S. S. Baik, K. S. Kim, Y. Yi and H. J. Choi, Nano Lett.
15, 7788 (2015).
14 L. L. Li, B. Partoens, and F. M. Peeters, Phys. Rev. B 97,
155424 (2018).
15 S. Yuan, E. van Veen, M. I. Katsnelson, and R. Roldn,
Phys. Rev. B 93, 245433 (2016).
16 J. M. Pereira, Jr. and M. I. Katsnelson, Phys. Rev. B 92,
075437 (2015).
17 J. Kim, S. S. Baik, S. W. Jung, Y. Sohn, S. H. Ryu, H.
J. Choi, B-J. Yang, and K. S. Kim Phys. Rev. Lett. 119,
226801 (2017).
18 N. Ehlen, A. Sanna, B. V. Senkovskiy, L. Petaccia, A.
V. Fedorov, G. Profeta, and A. Grneis, Phys. Rev. B 97,
045143 (2018).
19 R. Fei, V. Tran, and L. Yang Phys. Rev. B 91, 195319
(2015).
20 S. Yuan, E. van Veen, M. I. Katsnelson, and R. Roldn
Phys. Rev. B 93, 245433 (2016).
21 A. N. Rudenko, S. Yuan, and M. I. Katsnelson Phys. Rev.
B 92, 085419 (2015).
22 Z.T. Jiang, F.X. Liang, and X.D. Zhang Physics Letters A
381 373 (2017)
23 J. S. de Sousa, M. A. Lino, D. R. da Costa, A. Chaves,
J. M. Pereira, and G. A. Farias Phys. Rev. B 96 035122
(2017).
24 V. V. Arsoski, M. M. Gruji, N. A. ukari, M. . Tadi, and F.
M. Peeters Phys. Rev. B 96 125434 (2017).
25 D. J. P. de Sousa, L. V. de Castro, D. R. da Costa, J. M.
Pereira, and T. Low Phys. Rev. B 96 155427 (2017).
26 C. W. Groth, M. Wimmer, A. R. Akhmerov, X. Waintal
New J. Phys. 16, 063065 (2014).
27 K. Wakabayashi, K. Sasaki, T. Nakanishi and T. Enoki,
Sci. Technol. Adv. Mater. 11, 054504 (2010).
28 L. Brey and H. A. Fertig Phys. Rev. B 73, 235411 (2006).
29 D. J. P. de Sousa, L. V. de Castro, D. R. da Costa, and J.
M. Pereira, Jr. Phys. Rev. B 94, 235415 (2016).
30 A. Carvalho, A.S.Rodin and A. H. Castro Neto, EPL 108,
47005 (2014).
